ABSTRACT
INTRODUCTION
haviors-and long-term-gradually modifying reflex pathways during development and in the course of skill Descendi ng spinal cord pathways regulate seg-acquisition (Myklebust et al., 1986; Casabona et al., mental reflexes. This regulation is both short-term-1990; Segal, 1990, 1996; Wolpaw, 1987 Wolpaw, , 1997  rapidly altering reflexes as needed for different motor be- O'Sullivan et al., 1991; Nielsen et al., 1993 Columbus, Ohio. cord injury impairs this long-term control, spasticity and other reflex abnormalities gradually develop (Taylor et al., 1984; Dimitrijevic et al., 1988; Boorman et al., 1992; Shefner et al., 1992; Calancie et al, 1993; Doyle et al., 1993; St. George, 1993; Stein et al., 1993; Hechman, 1994; Nozaki et al., 1996) . These reflex abnormalities may be disabling in themselves and may also interfere with remaining voluntary motor control. Better understanding of the long-term control that descending pathways exercise over spinal reflexes could lead to new methods for assessing the effects of injury and for restoring function.
Opérant conditioning of the spinal stretch reflex (SSR) or its electrical analog, the H-reflex, provides a model for exploring long-term descending regulation of reflex function in the normal spinal cord, after spinal cord injury, and after therapeutic interventions (Wolpaw et al., 1983; Wolpaw, 1987; Evattetal., 1989; Wolpaw and Lee, 1989; Segal, 1990, 1996; Wolpaw and Carp, 1993; Segal and Wolf, 1994; Chen and Wolpaw, 1995, 1997; Wolf et al., 1995; . Both primates and rats can gradually increase (HRup conditioning mode) or decrease (HRdown conditioning mode) the H-reflex when reward is based on H-reflex amplitude. This is accomplished by a mode-appropriate change in descending regulation of the spinal arc of the H-reflex, and is accompanied by plasticity at several sites in the spinal cord (for review, see Wolpaw, 1997 ). It appears to be related to processes that underlie the development of motor skills throughout life (Myklebust et al., 1986; Casabona et al., 1990 ; Segal, 1990, 1996;  Wolpaw, 1997; O'Sullivan et al., 1991; Nielsen et al., 1993) .
Our primary goal is to define the potential value of H-reflex conditioning as a measure of spinal cord function after injury, during recovery, and after therapeutic interventions. To accomplish this, we are studying the effects on H-reflex conditioning of calibrated spinal cord contusions and of pathway-specific lesions. An initial study showed that thoracic spinal cord contusion in rats impairs the capacity for HRdown conditioning of the soleus H-reflex . Impairment was closely correlated with the amount of white matter lost.
Conditioning was highly sensitive to white matter loss: about 30% had to remain for successful HRdown conditioning. A subsequent study (Chen and Wolpaw, 1997) showed that HRdown conditioning was prevented by de- struction of the dorsal column, which in rats contains the main corticospinal tracts. It was not prevented, however, by destruction of the ipsilateral lateral column, containing rubrospinal, vestibulospinal, and reticulospinal tracts (Holstege and Kuypers, 1987;  Kennedy, 1990; Tracey, 1995 (Segal and Wolf, 1994; Segal, 1997) .
Behavioral and physiological data suggest that HRup and HRdown conditioning have different mechanisms Wolpaw, 1994, 1995) , and compared the results of the two studies.
METHODS
Subjects were 14 female Sprague-Dawley rats weighing 240-281 g at the beginning of study. Animal preparation and data collection methods have been described in detail previously (Bresnahan et al., 1991; Stokes and Reier, 1992; Chen and Wolpaw, 1995, 1996; (Stokes, 1992; . Briefly, the animal was anesthetized with an intraperitoneal injection of ketamine HC1 (80 mg/kg) and xylazine (10 mg/kg). A partial dorsal laminectomy was performed at the T8-T9 vertebral junction, and over a 23-msec period the dorsal surface of the cord was compressed either 0.7 mm (mild contusion, 10 rats) or 0.9 mm (medium contusion, four rats). The wound site was closed, and postoperative care was administered as previously described .
Electrode implantation and opérant conditioning were performed at the Wadsworth Center (Chen and Wolpaw, 1995; .
At the end of study, each rat was sacrificed with an intraperitoneal overdose of pentobarbital sodium and perfused through the heart with saline, followed by 4% buffered formaldehyde solution. The soleus muscles were removed and weighed, and the spinal cord was removed and stored in the 4% formaldehyde solution.
The percent of white matter remaining at the lesion epicenter was measured as described previously . Transverse sections (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (Olby and Blakemore, 1996) .
RESULTS

Animal Behavior and Well-Being
Following injury, rats showed transient hindlimb paralysis. This deficit waned rapidly over 2-5 days, and all rats recovered coordinated locomotion within 3 weeks.
Bladder function, absent immediately after injury, returned over 2-7 days. The time to return of bladder function (defined as the time between injury and a point halfway between the last time at which the bladder was found to be distended and the next time when expression was attempted) was significantly longer for rats with medium (0.9-mm displacement) contusions than for those with mild (0.7-mm displacement) contusions (5.9 ± 0.6 SD and 3.8 ± 1.5 SD days, respectively; p < 0.05 by t test). After the immediate posttraumatic period, all animals remained healthy and active until perfusion. Weight increased from 240-281 g at injury, to 266-320 g at implantation and 308-442 g at perfusion. After perfusion, soleus muscle weights (measured as percent of body weight) were symmetrical and did not differ significantly from those of normal rats.
Control-Mode Data
As a necessary prerequisite for evaluating the effects of injury on H-reflex conditioning, we assessed the ef-fects of injury on trials/day, background EMG, M response amplitude, and H-reflex amplitude under the control-mode (i.e., prior to H-reflex conditioning). For this assessment, we combined data from the 14 rats of this HRup conditioning study with that of the 15 rats of the previous HRdown conditioning study (Chen and Wolpaw, 1994, 1995, and  
HRup Conditioning Versus Lesion Size and Versus Bladder Function
The percent of white matter remaining at the lesion epicenter ranged from 12% to 39%. This range was similar to that in the HRdown conditioning study . The values for the four rats with medium contusions averaged 16 ± 4% SD, and were significantly different (p < 0.02 by t-test) from those for the 10 rats with mild contusions, which averaged 29 ± 8%). Figure  4 shows photomicrographs of spinal cord sections at the lesion epicenter from two rats with mild injuries (Fig.  4A,B ) and two rats with medium injuries (Fig. 4C,D) . Figure 5A shows final H-reflex amplitude as a function of white matter remaining. Animals with more remaining white matter were more successful at HRup conditioning (r = 0.60, p < 0.05). Figure 5B 
HRup/HRdown Conditioning
In order to evaluate the reversibility of H-reflex conditioning (Fujimori et al., 1966; Ashby and Verrier, 1975; Davis, 1975; Henneman, 1980; Little and Halar, 1985; Myklebust et al., 1986; Dimitrijevic et al., 1988; O'Sullivan et al., 1991; Boorman et al., 1992; Shefner et al., 1992; Doyle et al., 1993; St. George, 1993; Stein et al., 1993; Nielsen et al., 1993; Simpson et al., 1995 (Wolpaw, 1987 (Wolpaw, , 1997 Chen and Wolpaw, 1995 . Comparable changes occur during development and during ac- (Myklebust et al., 1986; Casabona et al., 1990; Segal, 1990, 1996; Wolpaw, 1987 Wolpaw, , 1997 O'Sullivan et al., 1991; Nielsen et al., 1993 ). The pathway of the H-reflex is a wholly spinal and largely monosynaptic pathway consisting of the la primary afferent neuron, its synapse on the spinal motoneuron, and the motoneuron itself (Matthews, 1972; Brown, 1984) . Because the spinal components of the reflex arc are affected by descending activity from supraspinal regions (Burke and Rudomin, 1978; Baldissera et al., 1981; Nozaki et al., 1996) , this simple behavior can be operantly conditioned. H-reflex and/or SSR conditioning has been demonstrated in monkeys (Wolpaw et al., 1983; Wolpaw, 1987) , humans (Evatt et al., 1989; Segal, 1990, 1996; Segal and Wolf, 1994; Wolf et al., 1995) , and rats (Chen and Wolpaw, 1995) . The experimental protocol used in these studies operantly conditions the descending activity that controls the spinal reflex pathway. This altered descending activity is present for a prolonged period each day over the days of exposure to the protocol. As a result, like the reflex changes that develop after spinal cord injury, H-reflex change develops over days and weeks.
H-reflex conditioning is associated with activity-driven plasticity at several sites in the spinal cord (Wolpaw and Lee, 1989; Wolpaw, 1994, 1995; FengChen and Wolpaw, 1996; Wolpaw, 1997) . These sites include the motoneuron itself, and probably several different populations of interneurons as well. Recent studies in the rat suggest that the main corticospinal tract is essential for HRdown conditioning, while other major descending tracts, including the reticulospinal, rubrospinal, and vestibulospinal tracts, are not essential (Chen and Wolpaw, 1997) . Whether HRup conditioning is similarly dependent remains to be determined. 
Effects of Spinal Cord Contusion on H-Reflex Conditioning
As the present study and the previous complementary study indicate , appears to be impaired in proportion to white matter damage. Figure 7 combines the present HRup conditioning data (i.e., from Fig. 5A (Fig. 6 ).
At the same time, physiological and anatomical data Wolpaw, 1994, 1995; Feng-Chen and Wolpaw, 1996) (Chen and Wolpaw, 1997 , successful HRup conditioning in spinal cord-injured rats is reversible by exposure to HRdown-mode conditioning (Fig. 6) (Levy et al., 1986 (Levy et al., , 1987 Simpson and Baskin, 1987; Fehlings et al., 1987 Fehlings et al., ,1989 Mutoh et al., 1991; Shiau et al., 1992 (Blight, 1983; Bresnahan et al., 1987) , while H-reflex conditioning in the rat is usually impaired when <30% remains (i.e., Fig. 7 ). This sensitivity, in combination with new insight into the pathways essential for conditioning (Chen and Wolpaw, 1997) (Chen and Wolpaw, 1997 
